Sumtmrsitae ul

L m—— X

NACA RM E56C06

Cop);

RESEARCH MEMORANDUM

FABRICATION TECHNIQUES AND HEAT-TRANSFER RESULTS
FOR CAST-CORED AIR-COOLED TURBINE BLADES
By John C. Freche and Robert E. Oldrieve

Lewis Flight Propulsion Laboratory
Cleveland, Ohio ..

CLASSIFICATION CHANGED IR

Defense of the Uiilied Mtales within the meaning

This affocting the Ntional —
o'!lheupiomph:l Title 18, U.8.C., &ﬂ mm'm the transnilision af revelilion of whlch in any

ized perscm is pr

NATIONAL ADVISORY COMMITTEE
FOR AERONAUTICS

WASHINGTON
June 22, 1956

-6
RM E56C06
e




—— ERRATA
NACA RESEARCH MEMORANDUM ES8C06
By John C. Freche and Robert E. Oldrieve

1956 -

Page 3, paragraph 3: Lines 4 to 6 should read "for 48 hours. Excess’
moisture was poured off and aefter a 12-hour drying period, the investment
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(The hold for 18 hr at 220° F is not a general requirement.) This temper-
ature . . -

Page 4, paragraph 1, lines 2, 8, and 16. Delete "solution."
Issued 9-5-58

NACA - Langley Fleld, Va.



V=L

3957

NACA RM E56006 sl

NATTIONAL ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

FABRICATION TECENIQUES AND HEAT-TRANSFER RESULTS
FOR CAST-CORED ATR-COOLED TURBINE BLADES

By John C. Freche and Robert E. Oldrieve

SUMMARY

An investigation was conducted to devise an air-cooled turbine blade
which eliminated the difficulties encountered with brazing in air-cooled-
blede fgbrication. Technigues were developed for casting air-cooled
blades with a large number of relatlvely small cooling passages near the
airfoll surfaece; two such blades of HS-21 material were operated in a
turbojet engine modified for air cooling.

Heat-trensfer data obtalined at rated engine operating condltions
indicated that substantlal reductions from the effective-gas temperature
occurred in the central portion of the highly stressed root region. At
a coolant-to-gas flow ratio of 0,010, .the temperature of this region was
760° F, a 5200 F reduction from effective gas temperature.

. One of the two test blades was operated without failure for 78 hours
at a centrifugal blade stress of 42,150 pounds per square inch based on
total meteal area at the blade rcot at rated engine speed and an average
inlet gas temperature of 1735° F. Of this totsl, 50 hours were obtained
with an average blade root metal temperature of 883° F (coolant-to-gas
flow ratio, 0.015), and 28 hours with an average blade root metal tem-
persture of 1130° F (coolant-to-gas flow ratio, 0.004). Calculations
indicate that a flow ratio of approximately 0.023 is requlred to maintsain
an average root temperature of 883° F in the application of this blade to
a turbojet engine at a Mach number of 2, an altitude of 50,000 feet, and
an inlet gas temperature of 2000° F.

INTRODUCTION

Air-cooled turbine rotor blades have been under investigation at
the NACA Lewis lsboratory for several years. The results of cooling
and/or endurance performance of various cooled turbine rotor-blade con-
figurations are reported in references 1 to 12. Brazing was primarily
employed in the assembly process of these blades. In order to eliminate
the brazing problems encountered, an investigation was underteken with a
blade having an sll-cast structure.
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Barlier investigations (refs. 1 to 8) employed hlades that generally
were asseubled from three main components consisting of a cast base, a
formed hollow shell, erid tubes or fins inserted 1nto the hollow shell to
increase the coolant heat-transfer surface area. The tube or fin inserts
were brazed into the blade shell. The details of the fébrication methods
for these blades sre given in references 11 and 13.

A detailed endurance investigation of shell-supported-type turbine
blades made from a noncritical material and utilizing the three-plece
brazed-component-type febrication method indicated that the brazing
process can cause chemical attack on the parent metal, grain growth in
the shell adjacent to the brazed area, and undercutting of the shell
(ref. 11). Such effects can seriously reduce the strength and ductility
of the metal in the brazed region. An endurance study of strut-supported-
type air-cooled turbine blades made from high-~temperature alloys brazed
together shows similar results (ref. 12). The detrimental effects of
brazing the blades used in these investigations were generally concen-
trated in the highly stressed root region of the blade and often were the
cause of early blade failure or erratic blade life. These brazing prob-
lems can generally be greetly minimlized by carefully controlling the
braezing process and applying sultable heat treatment to the blade after
brazing. . .

In order to provlde an alternsate method of coaoled-blade fabricatilon
which msy be more sulied to the faclllities of some manufacturers, an alr-
cooled-blade configuration was evolved in which large nuwmbers of small
coolant passeges were cast near the surface of the airfeoil. This con-
figuration will be referred to herein as a cast-cored blade. A similar
attempt was made in reference 14; however, only partial success was
achieved in removing ceramic cores from the finsl casting.

The base and airfoill of the blade discussed hérein were cast inte-
grally from HS-21, e high-temperature alloy. This report presents (1)
the fabrication techniques developed, (2) the experimental cooling re-
sults obtained with this blede configuration, (3) & compasrison of these
results with other air-cooled blade data, and (4) preliminary endurance
results.

The cast-cored turbine blades were operated at sea-level amblent
conditions in a turbojet engine modified to accommodate two air-cooled
blades. Heat-transfer datas were obtained over a range of cooling-air
flows at several constant engine speeds from 4,160 to 11,500 rpm (rated
speed). The centrifugal blade stress based on total metal area at the
base was 42,150 pounds per square inch at rated engine speed. The ratios
of coolant-to-gas flow ranged from 0.008 to 0.045. A preliminary endur-
ance evaluation of the blade configuration was made at an engine aspeed
of 11,500 rpm, an average turbine-inlet gas temperature of 1735° F, and
coolant to-ges flow ratics of 0.015 and 0.004.

&
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BLADE FABRICATION
Steps in Casting Process

Precision investment casting by the lost-wax process was the fsbri-
cation method employed. A wex pattern was prepared in precision dies by
first placing two strips of pattern wax, approximately 3/8 inch wide by
0.030 inch thick, in each precision die half. Then, commercially avail-
gble hollow ceramic cores (mullite) were laid adjacent to each other and
lightly pressed into the wax strips as shown in figure 1. Cores having
outside diameters of approximately 0.060 and 0.040 inch were used in the
blades investigated. 8Six 0,040-inch-diameter cores were used in the
blade trailing-edge region; thirty-four 0.060-inch-diasmeter cores were
used for the rest of the blade. The inside diameter of all the ceramic
cores was 0.020 inch. Although not shown in the core assembly (fig. 1),
adjacent cores were tied to each other by Nichrome wire at several spen-
wise stations to form attached peirs, thus providing additional core
stebllity during casting. X-ray inspection of the finsal castings re-
vealed several irregulsrlties caused by partisl welting of these wires.
The spacing between sdjacent palrs of cores was approximately 0.040 inch.
In order to achieve sufficient core strength without wiring, oval-shaped
cores with g major-axis dismeter roughly equivalent to twice the round-
core dismeter may be used. However, these cores were not immedlately
available during this investigation.

The next step in the fabrication procedure was to join the two
halves of the die and f£ill the blade cavity with molten wax under pres-
sure. Upon hardening, the completed wax pattern wes removed from the die
and attached to a wax sprue (fig. 2). The dark area slong the blade
trailing edge resulis from use of a patching wax to £ill in surface
imperfections. Several 0.009-inch Nichrome wires extend from the wax
pattern shown in figure 2. These wires were wrapped around individual
cores, and the exposed ends were embedded in the investment material,
thus serving as addltionsl core anchors. The problem of irregulerities
in the final casting due to these wires is not severe, because only a
few anchor wires are needed, usually for the small-diameter cores near
the trailing edge.

The weax pattern was next lnvested in a flask using silica with a
commercial binder as the investment material. After removing air from
the investment in a vacuum chamber, the investment was allowed to settle
for 48 hours. Excess molsture was poured off and after another 1l2-hour
drying perilod, the investment was placed in a furnace to melt out the
wax pettern. A furnace tempersture of 220° F waes maintained for 18 hours.
This temperature was then advanced at the rate of 100° F per hour until
1800° F was reached in order to remove 8ll wax traces, to cure, and %o
heat the mold prior to pouring. The investment, still in its flask, was
next placed in a centrifugal casting machine and inverted sbove a crucible
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of molten metal. (The base and alrfoill of the blade were cast integrally
from HS-21.) Upon locking the investment mold to the crucible, the cast-
ing machine was put in motlion. The investment wold was rotated with the
blade leadlng edge forward in order to minimize bowing of the ceramic
cores., After spproxlimately 5 minutes of rotation at 130 rpm, cesting

was complete. '

Removsl of Ceramic Cores From Casting

Ceramic cores were removed from the cast HS-21 blade by means of the
chemical reaction between molten sodium hydroxide solution and the ce-
ramic. Simple immersion wes not successful, since only the core portions
near the blade tip and root were exposed to the solutlon. Insertion of
the liquid sodium hydroxide under pressure was not attempted because of
its complexity end the unfavorable resulis obtained with this method
(ref. 14). Consequently, a device was constructed which permitted expo-
sure of the ceramic cores to the sodium hydroxide solutlon along the
entire blade length (fig. 3). Stainless-steel wires were threaded
through easch of the hollow ceramic cores in the blade. These wires were
then firmly attached at each end to & blade support structure which was
partlally immersed in molten sodium hydroxide., - A connecting rod, spot-
welded to the blade base, was Joined to a geer system powered by an
electric motor. Rotative motion of the motor was transferred through the
gears to reciprocal motion of the blade along the stainless-steel wires.
The wires were also Immersed in the sodium hydroxide solution along a
portlion of their length. Reciprocel motion of the blade elong these wires
screped awey the parts of the ceramic cores attacked by the sodium hy-
droxide, thus exposing a fresh surface to chemical action until the entire
core was removed. Although only one blade support structure is shown in
figure 3, there is provision for attaching four to the mounting bracket.
The core removal process, which required 2 hours, was successful.

Additional Fabrication Steps

In order to reduce blade root stress and blade weight, materiel wes
removed from the upper portion of the blade by electrical disintegration.
Figure 4 shows the void at the blade tip. This metal may also be re-
moved during the casting process by providing a suitable coring arrange-
ment. In the present investigation, electrical disintegration was employ-
ed in order to simplify the casting development program. Electrlcal
disintegration rather than drilling wes used because of the relatlvely
poor machingbility of the blade material.

The bledes described herein were among the first caestings obtained
by this process, and shrinkage cracks occurred in the upper surface of
the base and extended into the fillet. This condition was remedied in
subsequent casts. In order to determine 1f crack propagation could be
retarded by filling the cracks, a thin film of Nicrobraz with a cement

LS6S
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binder was painted over the base region of one of the blades, and the

blade was put through a brazing cycle. Neither of the two blades cast
was subjected %o & heat-treat cycle. Serrations were ground into the

blade bases prior to blade instrumentation.

APPARATUS AND INSTRUMENTATION
Alr-Coocled Turbine Blades

The air-cooled blades used in this investigation had a span of 4
inches and a chord of 2 inches. The airfoll was tapered from root to
tip in order to obtain suiteble centrifugal-stress levels within the
airfoil materisl, and the blade was twisted from root to tip. Thirty-
four 0.080-inch coolant passages and gix 0.040-inch coolent passages
were provided., Essentially, the passssges formed two rows, one following
the contour of the pressure surfece and the other followlng the contour
of the suction surface. The void shown in the central portion of the
blade at the tip (fig. 4) was for the purpose of reducing weight. The
cross-sectional areas of the blades were greater than those of the stand-
ard uncooled blades for this engine at all spanwise positlons above the
blade base. The profiles and cross-sectional areas at the hub of the
research blades were the same ss those of the standard blades. The exag-
gerated sirfoil thicknesses resulfed primarily from use of the same
casting dies previously employed for making hollow air-cocled blades for
this engine and partly from use of patching wax as discussed previously.

Engine Modifications

The englne modificatbtlions are described in detell in reference 1.
Blade cooling air wss provided from an external source (ldboratory service
air system) and was ducted to the test blades through two tubes fastened
to the rotor rear face and through passages drilled transversely through
the rotor rim beneath the test blades. The two cooled test blades were
located dismetrically opposite each other in the rotor. The rotor assem-
bly was coumpleted with 52 standard S-816 bledes. The engine was equipped
with an sdjustable tallpipe nozzle so that the turbine-inlet temperature
could be varied at a given engine speed.

Blade Instrumentation

Blade thermocouple locations are shown in figure 5. Four chromel-
alumel thermocouples were installed on one of the cooled blades and three
on the other. 8Six of these thermocouples were embedded immediately below
the blade surface. The seventh was installed in the central portion of
the blade root section. Two stendard blades (reference blades) were each
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provided with one thermocouple st the leading edge, approximstely at the
l/3-span position. The reference blades were cut off at the 2/3-span
position to reduce centrifugal stress. -

Engine Instrumentation

Engine speed, air flow, fuel flow, cooling-air flow and temperature,
and talilpipe gas temperature were all measured as described in refer-
ence 1.

LSBE

PROCEDURE
Heat-Transfer Investigation

The cast-cored blade-cooling effectiveness was determined in a man-
ner similar to that described in reference 1. Blade temperature data
were obtalned over a range of engine speeds from 4,160 to 11,500 rpm
(rated) and over a range of effective gas temperatures from 1124° to
1488° F. At each engine speed the coolant-to-gas flow ratio (hereinafter
called coolant-flow ratio) was varied. Since the rated engine speed data
are of major interest, these slone are reported. The coolant-flow-ratlo
raenge covered at rated speed wes from 0.008 to 0.045. These values took "
into account the quantity of coolant leskage between the rotasting and
stationary parts of the cooling-air system as determined by a separate
calibration,

Blade Dursbility Investigation

The durebility of the cast-cored blade with the basge coating of
Nicrobraz was investligated by rated speed operation (11,500 rpm) at two
coolant-flow ratios, 0,015 and 0.004, after completion of the heat-
transfer investigetion. An average inlet gas temperature of 1735° F was
maintained, although mechanical difficulties with the adjusteble exhaust
nozzle resulted in brief operating periods at a2 minimum gas temperature
of epproximetely 1680° F and s meximum of spproximately 1790° F. After
50 hours of operation at the higher coolant-flow ratio, operation was
continued at the lower flow ratio. The lower coolant-flow ratio (0.004)
was selected for additional endursnce operation, because 1t represented
the lowest coolant flow that could be accurately malntained in this in-
stallation. The significance of this endurance operation will be dis-
cussed in a subsequent section. -

Prior to lnstallation in the engine, the test blade was inspected
by X-ray and zyglo 1lnspection methods. At convenient intervals during -
endurance operation, the engine was shut down and the test blade was
inspected by the zyglo method to determine if cracks were developing.
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Cooling-Air-Legkage Calibration

As in previous investigastions, cooling-air lesks occurred through the
lebyrinth seal between the gtabtlonary cooling-air supply tube and the
pilot-bearing housing in the rotor hub (fig. 3, ref. 1). Conseguently,

a calibration was made over the entire coolanti-flow range investigated
(es in ref. 11) to determine the quantity of leaksge across this junction.

CATCULATIONS
Heal-Trensfer Calculations
Average blade surface temperature. - The average blade surface tem-
perature at two spanwise positions {(root and 1/3 span) was calculated

from the following equation to facllitate comperisons with other air-
cooled blade configurations:

fEE%____Efi__ r. +z - 22
_ _ Az J'gc:p 5 r 2
Tp,1 = Tg,e - ’5510 (1)

(A1l symbols are defined in the sppendix.) This is equation (D2) of ref-
erence 15 expressed in slightly different form. =Essentially, the previ-
ous expression is a finite-difference equation for the cooling-air tem-
perature rise as it psasses through the blade, since the blade temperature
is dependent upon the cooling-alr temperature at a glven spanwise position,
Equation (1) is spplicsble to the case where the effective gas tempersture,
as well as the product of the gas-to-blade heat-transfer coefficient and
the outside blade perimeter, vary along the span. A constant spanwise
value of hy and local spanwise values of Tg,e Were used. For the

engine employed in this investigation, the gas tempersature profile at

the turbine inlet was epproximetely paraebolic from root to tip. Since
blade temperatures at the root region were calculated, it was desirable
to teke the large spanwise gas tempersature varlation Into account. The
gas-to-blade heat-transfer coefficient for thils blade profile at the
blade design conditions was theoretically determined. Blade velocity
profiles were obtained from stream-filement theory as described in refer-
ence 16 and were used to obtain the heat-transfer coefficient by the
method of reference 17.

Blade-to-coolant heat-transfer coefficlents used in the lterative
process in determining AT, were obtained from a heat-transfer correlation
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expressing the filow of alr through statlonsry ducts. This correlation

is gilven in reference 18. The calculated average surface blade btempera-

tures at the root were then compsred wlth integrated average experimentsal -
values obtained at the same station over a range of coolant-flow ratios.

The procedure described does not conslder the effect of conduction
to the rotor rim. These effects are not included because the calculation
procedure lnvolved is tedlous and time consuming.

LS6%

Blade trailing-edge temperatures. - Sufficient thermocouples were
not avsallable et the blade tip to provide an average experimental tip
temperature for comparison wilth calculated values. One thermocouple was
provided at the tip trailing edge (fig. 5), however, and the temperature
at this location was calculated. The one-dimensionsl method described
in reference 19 was employed. The blade trailing-edge section was approx-
imated by a rectangle and the temperature-distribution equation

by
— (T e - Tg) cosh (ey')
o-2 > (2)

h
¢ sinh @j' +-Ei cosh @J!' ~
B

(eq. (19) of ref. 19) wes used. Constant spanwise values of the gas-to- -
blede heat-transfer coefficient and the blade-to-coolant heat-transfer
coefficient (both obtained as described in the section "Average blade

surface temperatures") were used. Tip cooling-air temperatures were used

in equation (2) and were determined by equation (1). Again, local Tg,e

values were employed. Equatlon (2) was also used to calculate the root
trailing-edge tempersture, and also neglects conduction effects.

Stress Calculations

Blade allowgble-to-centrifugal-stress ratio. - The cast-cored blade
presents & unique stress situatlion. The double row of coolant passages
in the cast-cored blade tend to separete it into a relatively cool cen-
tral region and a higher-tempersture outer region (area between coolant
passages and blade surface). Conseguently, thermal stresses are set up
which place the central region in tension and the outer region in com-
presslon. As a result, 1f the coolant passages are located too close
together, shear failure could result in the region between adjacent pas-
sages. The 0,040-inch spacing employed in this case 1s apparently satis-
factory, at least for limited periods of operestion, as endursasnce results
show. Since the blades did not fall in this region and since evaluation
of the thermal stresses described is s complex procedure, the evaluation
wes not attempted.
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The controlling blade stress was considered to be the centrifugal
stress based upon total metal area at the spanwise position considered.
Calculations were made for both root and 1/3-span positions in order %o
establish limits, which would probsbly include the blade critical section,
Use of the total wetal cross-sectlonal area assumes that deformation is
uniform over the blade cross section, a clearly optimistic assumption in
view of the temperature differences discussed previously. A more pes-
simistic assumption would be that the entire centrifugal lo=d is supported
only by the centrel metal asrea enclosed by the two rows of coolant pas-
sages. BSample celculations made in this manner indicated that the root
centrifugel stress was sbove the ultimate strength of the blade material,
and this procedure was gbandoned as belng overly pessimistic.

The alloweble blade stress was determined from the average blade
temperature at the spanwise station considered and ptress-to-rupture or
yleld-strength data, whichever was applicsble, for the blade material
(cast HS-21). For the root station, an average of experimentally obtained
blade temperatures was employed. Thils average was welghted on an area
basis to account for the area difference between the blade central
portion and the region between the coolant passages and the blade surface.
Since no experimentally obtained temperatures were availeble, calculated
values were used st the 1/5—span position. The same relation that existed
between the blade central-portion temperature and the surface temperature
et the root was assumed to exist at the 1/3-span position, and an average
metal temperature also weighted on an ares basis was obtained.

RESULTS AND DISCUSSION
Heat-Transfer Results

erimental blade temperature distributions. - The change in blade
temperature with coolant-flow ratio at rated engine operating conditions
for each of the thermocouple blade stations is shown in figure 6. The
effective gas temperature (uncooled-blade temperature) at each spanwise
station is included. Root and tip effective gas temperatures were
obtained from unpublished NACA dete, which provided effective gas tempera-
ture profliles for this engine at corresponding tallpipe-nozzle settings
and engine speeds. Faillure of one of the blades and of several thermo-
couples resulted in lack of temperature data at most stetions for coolant-
flow ratios gbove 0,023, The cooling-air temperature measured at the
blade base entrance in the rotor rim varied from 340° F at = coolant-flow
ratio of 0.008 to 215° F at a coolant~flow ratio of 0.023,

At a coolant-flow ratio of 0.010, surface temperatures at the highly
stressed blade root were lower than the effective gas temperature by 80C F
at the leading and trailing edge asnd by 280° F at the midchord region.
Greater reductions in leading- and trailing-edge temperatures probably
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can be expected with this type blade by using ovel-shaped ceramic cores

to form the leading- and trelling-edge passages. Such cores may be fitted
more readily into these nerrow blade sections and thereby reduce the
length of the uncooled regions. In the central portion of the blade at
the root section, which represents a large part of the blade stress-
supporting ares, the tewperature ghould be relatively low in order to
provide adequate metal strength. A 520° F reduction from effective gas
temperature occurred 1n this reglon at a flow ratio of 0.010. It should
be noted, however, that low temperatures in the blade central regilon
accompanied by high surface temperatures can result in unfavorsble thermal
stresses. Consequently, the coolant passages should be carefully located
to minlmize blade hot spots.

Comparison of calculated and experimental blade temperatures. - A
comparison of calculated and experimental blade temperatures is shown in
flgure 7 at rated speed and a turbine-inlet ges temperature of 1725° F
over a coclant-flow-ratio range from 0.008 to 0.023. Calculated average
blade root surface temperatures and average root experimental surface
temperstures are compered in figure 7(a). The maximum devietion of cal-
culated data from experimental data was 130° F and occurred at an experi-
mental temperature of 930C F, representing a maximum error of 14 percent.
A1l other calculated points show deviations from experimentsl data of less
then 10 percent. Although agreement appesrs to be satisfactory, it should
be noted that limited blade thermocouple instrumentation was employed in
this investigation. Thus, it still may be necessary to correct for con-
ductlon effects in future sgpplications.

Couparisons of calculated and experimentsl trailing-edge temperatures
at the blade root and tip are wade in figures 7(b) and (c), respectively.
At the blade root the maximum devistion from the 1:1 correlation line
was 70° T at an experimental blade temperature of 1130° F (spprox. 6-
percent error). For the blade tip the maximum deviation was 60° F at an
experimental blade temperature of 1270° ¥ (approx. S5-percent error).

Blade critical-section aversge temperatures. - The change in average
blede temperature at rated engine speed with coolsnt-flow ratio is shown
in figure 8. The exact critical sectlon of the blade has not been
determined; however, it probsbly lies between the root and 1/5-Bpan posi-
tion for the conditions of this test. The lower boundary of the tempera-
ture band extending between these gpanwise stations represents the average
root temperstures ag determined experimentally. The upper boundery
represents the 1/5-span position aversge temperatures calculated as
described previously. Since the entire cross-sectional metal ares was
congidered to be stress-supporting in the cast-cored blade, the averages
of the surface and central-region temperatures were plotted. The band
boundaries are roughly parsllel, show a spread of 150° to 50° F, and
decrease sherply with increassing coolant-flow ratic. The significance
of these values can better be evaluated by comparison with reeults from
other blade configurastions, which will be made in the section "Tempera-
ture comparisons with other configurations.”

LSBE
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Stress and Durebility Resulis

Blade dursbility. - One of the two test blades falled at the root.
section after 15 hours of engine operation. Failure occurred at 11,500
rpm (root centrifugal stress, 42,150 psi) snd a coolant-flow ratio of
0.008, although some of this operating time was compiled at lower speeds
and other coolant-flow ratios during the heat-transfer runs. The failed
blade is shown in figure 8. As stated previously, this blade had micro-
shrink cracks in the base region resulting from cesting. No attempt was
wade to £ill the cracks in thls region and these cracks are believed to
have caused the premature failure.

An X-ray of this blade prior to its Installation in the engine is
shown in figure 10. Several Nichrome-wire inclusions are apparent. One
of the cracks in the blade root region a2t the leading edge is also vis-
ible. Metallurgical examination of the failed blade indicated that
failure was probsbly initlated in the region of this leading-edge crack.

Endurance opersation waes continued with the second test blade (base
region coated with Nicrobraz) for 50 hours at rated engine speed, an
average inlet gas temperature of 1735° ¥, and a coolant-flow ratio of
0.015. This operating condition resulted in an aversge root temperature
of 883° F and an average root surfsce tempersture of 1015° F. The blade
root allowgble-to-centrifugal-~stiress ratio for a 1life of 50 hours was
2.04. At this point, the coolant-flow retio was lowered to 0.004, the
minimum value that could be accurately maintained over long periods in
this instaellation. The resulting averasge blade root temperature became
1130° F {average root surface temperature, 1185° F) providing an sllowsble-
to-centrifugal-gtress ratic of 1.6 for a life of 28 hours. Silnce the
blade showed no sign of impending fallure, opereaetion was terminated at
this time. TFurther reductlon in the allowsble-to-centrifugsl-stress
ratio could be achileved only by extensive operation at this condltion.
Zyglo inspection revesled that none of the filled-in cracks had reopened.
A total of 105 hours of operating time, 78 hours of which were endurance
operatlion at rated engine speed, wes compiled with this blade. Since the
blede did not fail, an actual stress-ratio factor could not be determined.

Of course, limitations of the test vehicle prevented endurance oper-
ation at higher gas temperature levels. The average blade root tempera-
ture of 883° P obtained during the actusl endurance run is in & region
of high metal strength properties for moest turblne-blasde slloys. Conse-
quently, maintenance of this temperesture would be desirable during opera-
tion at higher inlet gas temperatures. Calculatlons, which will be
discussed more fully in the section Evaluation of Casi-Cored-Blade Poten-
tial, indicate that the required coolant-flow ratio for operation at an
inlet gas tempersture of 2000° F and an aversge root metal temperature of
883° F is not excessive, being epproximately 0.023. Thus, it appears that
the enduraence runsg conducted probsebly provide & realistic indlcation of
blade potentlsl 1life.
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Effect of blade weight on blade gitress. - One reguirement for
turbine-blade design is low weight 1in order that over-zll engine weight
a8 well as rotor-rim loading may be reduced. The reported cast-cored
blade, weighing 0.82 pound, has the disadvantage of beling heavier than
meny febricated alir-cooled-blede configurations. As & result, the blade
root centrifugal stress of the cakt-cored blade reported herein was
42,150 pounds per square inch at rated engine speed. This value is
conslderebly higher than that used in current design practlce. For
exsmple, the standard uncooled blade for thils engine has a root-section
centrifugal stress of approximately 25,000 pounds per square inch at
rated engine speed. Since low root stresses are desirable in order to
obtain maximum blade life, metal which does not contribute to the blade
support should be eliminated. A considersble stress reduction may be
effected for a cast-cored-blade configuration with rows of coolant pss-
ssges slong the blade contour and s large expanse of metal area bounded
by these rows. In the present blade, & large part of this metal in the
upper half of the blade was removed by electrical disintegration, as may
be seen in figure 4. This removal resulted in a rated-speed centrifugal-
stress reduction of epproximately 3000 pounds per square inch from 45,150
pounds per square inch. The blade thickness and the coollng-passege
location, however, wlll determine whether wetal removal as shown hereiln
1s permissible in any specific instance.

Evaluation of Cast-Cored-Blade Potentilsl

Temperature comparisons with other configurations. - The cast-cored
blade must be compared wlth other air-cooled-blade configurations in order
to be properly evslusted. One comparison may be made on the basis of
blade temperatures and blade cooling-air pressure drop. These factors
are interrelated and an independent comparison on each basis is often
misleading. For exaemple, the blade tempersature comparison should probably
be made at the critical section of each blade and at a constant value of
blade cooling-eir pressure drop. In this report the blade temperature,
comparison was made for the criticsl section of each blade but probebly
not at a constant value of cooling-alir pressure drop. The pressure drop
through individual cooling passages was not messured. For the cast-cored
blade reported, the pressure drop is probsbly high because of the small-
dlameter cooling passeges, particularly in the trailing-edge reglon. It
should be noted, however, that use of larger diameter cores thasn those
uged in the blades of this lnvestligation should reduce the pressure losses
encountered. Of course, any reduction in pressure drop achleved in this
manner will elso reduce the heat-transfer effectiveness of the cast-cored
blade. By recognizing these factors as well as the fact that, in any air-
cooled blade, the coolant-pesssge size must be decided on the basis of a
compromise between cooling requlirements and pressure drop permissible for
the engine gpplication under congiderstion, the following temperature
comparilson ls presented.

LSBE
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The change in blade temperature with coolant-flow ratio is showm in
figure 11 for the cast-cored, strut, corrugated-insert, and hollow blades
at the critical section of each. A temperature band extending from the
root to the l/S-span position is shown for the cast-cored blade since
its exact crlticsl section has not been determined. The blade profiles
vwere slmilar at the critical section in each case, and the results were
obtained in the same model test engine at turbine-inlet gas temperatures
ranging from 1655° to 1725° F. The corrugation amplitude, pitch, and
thickness were 0,070, 0.070, and 0.007 inch, respectively, for the cor-
rugated-insert blade. Since the corrugated and hollow blades are of the
shell-supported type, their averege shell  temperatures, obtained from
unpublished NACA data, are plotted in figure 11. The averasge strut tem-
peratures (stress-supporting member), obtained from reference 20, are
plotted for the strut blade. The entire cross-sectional metal area was
considered to be stress-supporting in the cast-cored blede, and, there-
fore, an average of the surface and central-region temperatures was plot-
ted. Experimental dsta were used for the root position, and calculated
values were used at the 1/3-span position for the cast-cored blede.

At coolant-flow ratios less than 0.012, the cast-cored blade tempera-
ture band encloses the corrugated- and strut-blade tempersture curves
(fig. 11). Above flow ratios of 0.012, the band falls between the
corrugated- and strut-blade curves. Of course, the band location is
subject to the accuracy of the l/3-span temperature calculation., Over
the entire flow-ratio range, the cast-cored-blade tempersture band lies
relatively close to the corrugated- and strut-blede tempersature curves,
and considersbly below the hollow-blade curve (from 350° to 400° F at a
flow ratio of 0.02). It should also be noted that asny comparison of this
type is subject to the accurscy of the cooling-slr leskage calibrations.
At low coolant-flow ratios in a test setup of this type, the cooling-air
leskage is freguently a large percentage of the total flow. This was
also the case for the installations employed to investigate the other
blades in this comparison. In the low coolant-flow range, therefore, the
temperature curves for ell the blades may shift; however, the results
shown will be gqualitatively correct.

Allowable-to-centrifugal -stress-ratlo comparisons. - The comparison
of the cast-cored blade with the same alr-cooled blade configurations at
current ges temperature levels (average gas temperature, 1690° F) is con-
tinued in figure 12. This figure presents the allowsble-to-centrifugal-
stress ratios at the critical section for each blade plotted against
coolant-flow ratio. BSince the blades were of different materials, an
attempt was made to provide a comparison on a common basis. The corru-
gated, hollow, end cast-cored blades were made of high-temperature heat-
resistant alloys (N-155 and HS-21). Since thermal conductivity is sbout
the same for each materisgl, differences in messured blade temperatures
are probsbly not due to material conductivity. Consequently, either the
yield or stress-to-rupture properties of one of these materials (HS-Zl)
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and the blade temperatures shown in figure 11 were used to determlne the
alloweble stress for all bledes. The cenbtrifugal stress was also cal-
culated for the density of HS-21 material. The strut blade was omltted
from this comparison because 1t was of 17-22A(S) material, which has a
much higher thermal conductivity then HS-21., A band is agaln presented
for the cest-cored blade to enclose its critical section. If the criticsl
gection is assumed to fall near the l/3—span posltion for the cast-cored
blade, alloweble-to-centrifugal-stress ratios of sbout 3 slmilar to those
of the corrugated snd hollow blades are obtained (fig. 12). If the
critical section falls near the root, the allowsble-to-centrifugal-stress
ratlo is nearer 2, and for a given coolant-flow ratio the mergin of
safety 1s reduced 1n comparison tc the corrugated and hollow blades.

This comparison 1s valid, assuming J0O-hour life for each of the blades
compared. Once the cast-cored blade has been run to destruction, the
exact critlcal section will be determined and the required allowable-to-
centrifugel-stress ratlio, or stress-ratlio factor, will be established.

Coolant-flow regquirements at elevated conditions. - To further
evaluate the potential of the cast-cored blsde, 1t 1s desirable to know
its cooling requirements in a high gas temperature, high altitude, and
high flight Mach number sgpplication. A single-stage-turbine sppllcation
in a turbojet engine was selected and a Mach number of 2, an inlet ges
tempersature of 2000° F, and a 50,000-foot asltitude were specified. Analy-
ses (ref. 21) have been made to similarly determine the cooling require-
ments of corrugated-insert blades at elevated conditions.

In calculating the cast-cored-blade coolant requirements, limltlng
surface tewmperatures of 1015° F at the root (average temperature, 883° F)
and 11480 F at the 1/3-span position (average temperature, 995° F) were
specified since reassonsble hlade life was obtained while maintalning
these tempersbures during blade durebility tests. In order to obtain an
indication of the validity of this calculation method, the sea-level
coolant-flow ratio required for operatlion at these blade temperatures
was calculated and compared wlth the experimental value. The experimental
value was 0.015; the calculated value, 0.0135. The calculation was then
extended to the flight condlitions cited previously and a constant gas-to-
blade beat-transfer coefficient (115 Btu/(hr)(sq £t)(OF)) was specified
(value estimated from ref. 22). Corrected engine weight flow per unit
frontal eres was taken as 25.5 pounds per second per squere foot. Blade
cooling-air inlet temperature was considered to be 588° F (compressor-
bleed tempersture plus 100° F).

The calculations indlcabte thet a coolant-flow ratlic of spproximately
0.019 is required to maintain the surface temperature 1148° F at the 1/3
span, while a coolant-flow ratio of approximately 0.023 would be required
to maintain the root surface temperature of 1015° F. Since the blade
criticel section probebly falls somewhere between the root and 1/3 gpean,
these coolant-flow ratilos represent the requirement limita. Both of these

LS6g
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valueg fall within the calculated coolant-flow-ratio range tebulated in
reference 21 as the limitations of 80 corrugated-insert blade designs.

The corrugated-blade designs considered in reference 21 are not
limited on the basis of cooling-air pressure drop. However, this may not
be the case for the cast-cored blede. Thus, as in the case of the tempera-
ture comparison, the possibility of adverse pressure-drop requirements for
the cast-cored blade must be noted.

Blade welght and stress conslderstions. - The disadvantages of the
cast~cored blade reported hereln from a welght and stress standpoint have
already been discussed. However, in evaluating the potential of this
type of blade, design variations that employ the cast-cored-blade febri-
cation principle should be considered. For exasmple, this principle msay
be utilized in e cast-combination-type blade that has a hollow tip
section (fig. 13). A sketch of such a blade is shown in figure 13(2), and
a one-plece casting of this type prior to grinding the base serrations is
shown in figure 13(b). The ridge along the profile in the upper part of
the blade is intended to stiffen this region. The two cross members in
the tip region are also stiffeners. This blade offers the advantages
of reduced weight end concurrently reduced blade root and rotor-rim stress
s well =ss a relatively favorable cooling configuration in the root region.
The tip region, although not cooled as favorably, should remain intact
because of the lower stresses imposed. Since the hollow tip section must
support itself, a suiteble taper ratio must be provided to accommodate
the stress imposed at the Junction between the shell and the blade lower
section. The blade shown in figure 13(b) has a shell taper of 0.4 with
a shell thickness of 0.0l3 inch at the tip. The permissible length of
the hollow section must be determined by temperature and stress celcula-
tione for the particular gpplication considered. Such cslculations indi-
cated that a hollow section approximately 45 percent of the blade span
is probably satisfactory for this engine applicsastion.

The welght reduction possible with the blade illustrated In figure 13
is shown graphicelly in figure 14, which compares seversl configurations
with the standard uncooled turbine blade for the engine used in this
investigation. A corrugasted-insert blade heving corrugstions with ampli-
tude, pitech, and thickness of 0.050, 0.050, and Q0,005 inch, respectively,
was included. The cast-cored blade (0.82 1b) weighs 2 percent less than
the standerd blade, whereas the corrugated-insert blade welghs 18 percent
less and the hollow blade 20 percent less. The hollow blade probebly
provides s minimum blade weight and rotor-rim stress for this turbine
application. The figure also shows that a l3-percent weight reduction
from the standerd blade is possible by cowmbining the cast-cored and hollow-
blade designs as dlscussed previously. For convenience, the base weight
was consldered to be the same for the combinstion blade as for the cast-
cored blade. A reduction in the aerodynamic profile welght would, of
course, permlt a reduction in base weight because of decreased root stres-
ses. This, in turn, would permit a further slight reductlon in the over-
all weight of the cowbination blade.
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SUMMARY OF RESULTS »

The followlng results were obtained from sn experimental investiga-
tlon of an slr-cooled cast-cored turbine blade which eliminated the
brazing problems encountered in fabricating some types of sir-coocled
blades.

1. Techniques were developed for casting an Integrsal blade and base
assembly with s large number of small coolant passsges near the alrfoil
surface. A method of satisfactorily removing the small cersmlc cores
which formed the cooling passages 1n the casting process wass also
developed.

LS6g

2. The cast-cored blade showed substantial reduction from the effec-
tive gas temperature over the entire range of-coolant-to-gas flow ratios
investigated in the central part of the highly stressed root region. TFor
example, a 520° reduction from effective gas temperature wag observed in
this region at rated engine opersting conditions and a coolant-to-gas flow
ratio of 0.010. '

3. A total of 78 hours of endurance operatlon without fallure was
obtained with one of the test blades st a centrifugal blade stress of -
42,150 pounds per square inch based on total metal area at the blade -
root at rated engine speed end an average inlet gas temperature of
1735° F. Of this total, 50 hours were obtained with an average blade -
root metal temperature of 883° F (coolant-to-gas flow ratio of 0.015)
and 28 hours with an average blade root metal temperature of 11300 F
(coolant-to-gas flow ratio of 0.004).

4. Calculations indicate that this blade would require a ratioc of
coolant-to-gas flow of approximately 0.023 to maintain an average root
temperature of 883° F, assuming the blade to be employed in a turbolet
engine at an inlet gas temperature of 2000° F, sn altitude of 50,000
feet, and a Mach number of 2.

5. Cast-cored blade weight (0.82 1b) was approximately the seme as
that of a standard uncooled blade for this engine. At least a 1l3-percent
reduction from the standard uncooled blade weight sppeared possible by
combining cast-cored and hollow-blade designs.

Lewls Flight Propulsion Leborstory '
National Advisory Committee for Aeronautics
Cleveland, Ohio, March 7, 1956
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APPENDIX - SYMBOIS

¢, specific heat at constant pressure, Btu/ (1b) (°F)

g acceleration due to gravity, 32.2 ft/sec2

h heat-transfer coefficient, Btu/(br)(ft2) (°F)

J mechanical eguivalent of heat, 778 ft-1b/Btu

J chordwise distance from treiling edge to blade coolling passage, ft
k thermal conductivity, Btu/ (hr) (ft) (OF)

1 perimeter, Tt

T radius, £t

T temperature, OF

AT tempersture change in differential element Az along span, OF
W welght flow, Ib/sec

2 distance from trailing edge to blade element, £t

p-A distance from blade root to spen positlon being considered, £t
Az  differentisl element along blade span, £t

e temperature difference, Tg,e - Tp

T thickness of trailing section, ft

P (Zho/k3¢)1/2

w angular veloclty of turbine wheel, radians/sec

Subscripts:

a blade cooling air

B cooled blade

e effective

£ combustion gas
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i inside (coolant side) )
1 perimeter : .
o outside (on gas side)
r root of blade
Superscripts:
! linear dimension incremsed by T/2
— aversge value within spanwise increment being consildered
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Figure 3. - Cast-cored blade in core removal device.
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Flgure 4. - Test blade.
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Hollow upper portion

Cest~cored portion

—

(a) Sketch of blade.

Figure 13. - Cast-cored blade configuration combined with a hollow shell
in the tip region.
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{b) Blade casting with integral hollow. tip section.

Figure 13. - Concluded. Cagt-cored blade configuration combined with
a hollow. shell in the tip region.
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